We study thermoelectric transport in ultrathin topological insulators under the application of circularly polarized off-resonant light of frequency Ω and amplitude A. We derive analytical expressions for the band structure, orbital magnetization M orb , and the thermal (κxy) and Nernst (αxy) conductivities. Reversing the light polarization from right to left leads to an exchange of the conduction and valence bands of the symmetric and antisymmetric surface states and to a sign change in M orb , αxy, and κxy. Varying the sample thickness or A/Ω leads to a strong enhancement of M orb and αxy. These effects, accessible to experiments, open the possibility for selective, state-exchanged excitations under light and the conversion of heat to electric energy. [2] [3] [4] [5] [6] . By reducing their thickness to 6 nm or less, a finite hybridization occurs of their top and bottom surface states [3, 7] and has been realized in transistors [8] . Ultrathin TIs are promising materials for high performance optoelectronic devices, such as photodetectors [7] and transparent electrodes [9] , and excellent thermoelectric materials [10, 11] .
Introduction. Topological insulators (TIs) are insulators in the bulk but possess gapless surface states [1] . Due to their potential applications a wide variety of TIs has been found to be three dimensional and among them Bi 2 Se 3 and Bi 2 Te 3 are demonstrated as prototypes with single Dirac-cone surface states due to the strong spinorbit interaction (SOI) [2] [3] [4] [5] [6] . By reducing their thickness to 6 nm or less, a finite hybridization occurs of their top and bottom surface states [3, 7] and has been realized in transistors [8] . Ultrathin TIs are promising materials for high performance optoelectronic devices, such as photodetectors [7] and transparent electrodes [9] , and excellent thermoelectric materials [10, 11] .
Berry-curvature mediated thermoelectric effects, generated by a temperature gradient [12] , have been proposed for two-dimensional (2D) systems and explained related experiments very well [13] . Among their properties, the orbital magnetic moment and corresponding orbital magnetization [14, 15] , and the thermal and Nernst conductivities [16] [17] [18] [19] have attracted considerable attention. Also, Berry-curvature mediated transverse heat transport on the surface of TIs attached to a ferromagnet has been demonstrated [11] despite the complicated nature of the experiments. Of particular interest is the control of thermoelectric effects through the surface states of TIs under circularly polarized off-resonant light [20] .
In recent years light-induced quantum effects have generated a strong interest, in particular quantum phase transitions in Floquet TIs driven by external timeperiodic perturbations [21] . For such systems it is convenient to use Floquet theory proposed [20] recently for periodically driven graphene and TIs. In the appropriate frequency regime the off-resonant light cannot generate real photon absorption or emission due to energy conservation. Accordingly, it does not directly excite electrons but instead modifies the electron band structure through second-order virtual-photon absorption processes. When averaged over time, these processes result in an effective static alteration of the band gap of the system. Floquet bands were first realized in photonic crystals [22] and have been verified by recent experiments on surfaces of TIs [23, 24] . However, nontrivial phase transitions, induced by off-resonant light on the surface states of ultrathin TIs, and the effect of this light on transport properties is an open question as it is not yet studied and is different than many optical effects in TI films [25] . In this work we partly answer this question by evaluating the band structure, orbital magnetization, and the thermal and Nernst conductivities of such TIs. Reversing the polarization of this light leads to an exchange of the conduction and valence bands of the symmetric and antisymmetric surface states and a tunable band gap. The details are as follows.
Basic Formalism. We consider surface states of ultrathin TIs in the (x,y) plane in the presence of circularly polarized light and hybridization between the top and bottom surface states. We first extend the 2D Dirac type Hamiltonian [7] by including a time-periodic field [20] as
Here s = ±1 for symmetric and antisymmetric combinations of the two surface states, (σ x , σ y , σ z ) are the Pauli matrices, v F the Fermi velocity, and ∆ h the hybridization energy between the top and bottom surface states that, depending on the thickness, varies from 41 meV to 250 meV [3, 7] . For simplicity we disregard higher order terms in k since their contribution is very small and doesn't affect the major physics discussed below [26] [27] [28] . Further, Π(t) = P + eA(t) is the canonical momentum with vector potential A(t) = (lA sin(Ωt), A cos Ωt), E(t) = −∂A(t)/∂t the electric field with amplitude E 0 , Ω the light's frequency, and A = E 0 /Ω. The gauge potential is periodic in time, A(t + T ) = A(t), with period T = 2π/Ω and l = 1(−1), stands for the right (left) polarization of the light. Equation (1) can be treated by the Floquet method with the aid of an effective static Hamiltonian [20] and leads to results that agree well with experiments [23, 24] . This formalism has been successfully applied to graphene [29] and disordered TIs [30] . For high frequencies Ω ≫ ev F E 0 /ℏΩ and low intensities (ev F A ≪ ℏΩ) it gives the effective static Hamiltonian
where
is the mass term induced by the off-resonant light. It breaks the time-reversal symmetry and its values are in the range of 100 meV [23, 24] . The diagonalization of Eq. (2) gives the eigenvalues
and the corresponding eigenfunctions
Here
We show the eigenvalues given by Eq. (3) in Fig. 1 for the symmetric (solid curves) and antisymmetric (dashed curves) states. We fixed the hybridization energy to 35 meV corresponding to 4 quintuple layers [3] , v F = 0.5 × 10 6 m/s, a = 4.14Å , ℏΩ = 8J = 8 eV (J is the nearest neighbor hopping amplitude), ∆ Ω = 20 meV (ev F A = 0.4 eV) [20] . We find a well resolved gap between the valence and conduction bands and notice that the surfaces are nondegenerate if ∆ Ω = 0 and ∆ h = 0. Here we vary the amplitude of the circularly polarized off-resonant light such that ∆ Ω = 0 meV, 20 meV, 35 meV (ev F A = 0.53 eV), and 100 meV (ev F A = 0.9 eV), which can be achieved by existing experimental techniques [23, 24] . As ∆ Ω at k = 0 changes sign when the light polarization is reversed. The realization of this reversed state of the system upon changing the light polarization from right to left is an entirely new phenomenon; it is made clear upon contrasting Orbital magnetization. The orbital magnetization of Bloch electrons has been a very attractive problem since the prediction and observation of its dependence on the Berry-curvature [13, 14] . To study thermoelectric transport properties we must include their temperature dependence. We obtain the equilibrium magnetization density from the free energy F in a weak magnetic field B (B only couples to the orbital motion of electrons but does not contribute to the Zeeman energy [14] ) written as
Here β = 1/k B T, k B is the Boltzmann constant, T the temperature, and µ the chemical potential. Further, the electron energy
To evaluate the sum over k in Eq. (5) we convert it to an integral and use the prescription
is the Berry-curvature, see Ref. 14 for a detailed justification. The orbital magnetization
M c is the conventional term and M Ω the additional term due to the Berry curvature. It originates from the selfrotation of the electron wave packet around its center of mass [14] . The results for M c and M Ω are
with f (k) the Fermi function. Equations (3) and (4) give
For finite ∆ h or ∆ Ω the moment m(k) has a peak at k = 0. For ∆ Ω = 0 and ∆ h = 35 meV we obtain m(k) = 25 Bohr magnetons. This value may be changed by varying the light intensity ∆ Ω . Then only the purely Berry-curvature-mediated orbital magnetization survives. For a qualitative analysis we obtain M orb at T = 0 and µ in the conduction band, as
We show M orb , obtained numerically from Eqs. (6) and (7) Fig. 1 for left-polarized light (l = −1). All other parameters are the same as in Fig. 1 150 K (dotted). Notice though that the temperature dependence is weak. The orbital magnetization induced by off-resonant light can be distinguished from other sources of magnetization that don't depend on the polarization of light, e.g., from the one induced by spin-orbit coupling [33] . We can clearly see from Eq. (9) that M orb changes sign due to l∆ Ω , for ∆ Ω > ∆ h , when we reverse the light's polarization (l = ±1). This could be observed in experiments similar to those on magnetization [15] or by the Faraday-Kerr effect [34] . Moreover, very recently magnetization signatures of the off-resonant light effects on graphene have been simulated and helical edge states have been reported [35] . Thermal and Nernst conductivities. The orbital magnetization contains a conventional contribution, Eq. (6), and a Berry-curvature-mediated one, Eq. (7). The relation between it and the Nernst conductivity, demonstrated in Refs. 13 and 14, shows that the conventional part does not contribute to the transport current whereas the Berry-curvature term directly does and modifies the intrinsic Hall current, obtained by an integral with respect to momentum, of the Berry curvature over the 2D Brillouin zone. The difference between the Hall σ xy and Nernst α xy conductivities is that α xy is determined not only by the Berry curvature but also by entropy generation around the Fermi surface. Therefore, α xy is sensitive to changes of the Fermi energy and temperature. The heat current under a weak electric field E and a thermal gradient ∇T is given by J Q = T α · E − κ · ∇T . In this case the intrinsic Hall current is j x = −α xy ∇ y T [11, 14] .
With Ω ≡ Ω(k) the component α xy is given by
with c = e/2πhT , f sλ lk = f (E sλ l (k)) the Fermi-Dirac function, and µ the chemical potential. Recent experiments on graphene [36] agree well with Eq. (10). The component κ xy of the thermal conductivity tensor κ reads
where b = ek B /4π 2 βh; Li 2 (x) is the polylogarithm function. Equations (10) and (11) can be simplified in the limit of low temperatures using the Mott relations [11, 14] ,
2 )σ xy with σ xy given by
For T = 0 and µ in the band gap Eq. (12) gives σ 0 xy , the Hall conductivity in the gap, as σ 0 xy = −(e 2 /2h)sgn(δ sl ). Here it is interesting to note that for ∆ Ω < ∆ h the insulating state is trivial whereas for ∆ Ω > ∆ h the state is topological nontrivial; a topological phase transition occurs at ∆ Ω = ∆ h . Such transitions were also reported in previous studies without off-resonant light [26] [27] [28] 37] . For µ in the conduction band we have σ xy ≡ σ 
Notice that due to δ sl = l∆ Ω +s∆ h the sign of σ c xy can be reversed, for ∆ Ω > ∆ h , upon reversing the light polarization (l → −l). Similar results can be obtained when the chemical potential µ is in the valence band due to symmetry. For a qualitative analysis we use Eq. (13) and obtain α xy , at very low temperatures, as
with µ in the conduction band; α xy vanishes when µ is in the band gap. Thermoelectric transport can be understood by results such as Eq. (14) and agree well with low-temperature data [16] [17] [18] [19] 36] from gapless graphene in a transverse magnetic field. The Nernst effect discussed here exists even without an external magnetic field, being solely driven by the weak B field and the Berry-curvature. Note that Eq. (10) is more general than Eq. (14) since it is valid beyond the T → 0 regime. The dependence of α xy on the gate voltage (or chemical potential µ) can be assessed by controlling the band gap, which has been realized experimentally in graphene [16] [17] [18] [19] 36 ]. An enhanced thermoelectric response is achieved when the bands come close to the Dirac point. In Fig. 4 we show numerical results for α xy , given by Eq. (10), as a function of µ at T = 100 K (left) and T = 200 K (right). We use ∆ h = 0 meV and vary the band gap by offresonant light such that ∆ Ω = 20 meV (solid), ∆ Ω = 70 meV (dotted), and ∆ Ω = 120 meV (dot-dashed). We obtain similar results for fixed ∆ Ω = 0 meV and variable ∆ h using values similar to those of experiments [3] . The highest peak value of α xy , near y ≈ 0.4 in Fig. 4 , is 0.4 ek B /h ≈ 52 nA/K. Our results show that a certain thickness or an off-resonant light can significantly affect transport in TIs at room temperature or even above. T = 200 K (right), ∆ h = 35 meV, and variable ∆ Ω = 50 meV (dotted blue), ∆ Ω = 100 meV (solid blue). The blue curve is for right polarization of the light whereas the black one is for left polarization. Each peak of Fig.  4 is split in two well separated peaks in both bands due to the combination of ∆ h ± ∆ Ω for T = 100 K. This is consistent with Figs. 1 and 2. As we increase the temperature to 200 K or more, the splitting is suppressed but still persists till room temperature. We observe shifts of the peaks towards the Dirac point for decreasing ∆ Ω , which reflects the reduction of the band gap, and an increase of the amplitude. Notice how the sign of α xy is reversed upon reversing the light polarization from right (blue, l = +1) to left (red, l = −1). This reversal corresponds to the exchange of the bands of the symmetric and antisymmetric surface states shown in Figs. 1 and 2 . Thus, the transport can be tuned either by off-resonant light (∆ Ω ) or by the thickness (∆ h ) of the TIs. This and the dependence of α xy on the light polarization is, to our knowledge, an entirely new phenomenon.
In general, it depends on the sign of the Berrycurvature (cf. Fig. 1 ) whether the Nernst conductivity is positive or negative. Our results are valid for elevated temperatures in the experimentally relevant range [36] . Moreover, α xy = 0 when µ is in the band gap whereas Eq. (14) yields α xy = 0 since it is the derivative of σ 0 xy , which is quantized and independent of µ in this case. Notice that given the Mott relations stated above Eq. (12), a similar sign reversal should occur in the thermal conductivity κ xy upon reversing the light polarization. Indeed, Fig. 6 , in which we plot κ xy versus µ, obtained numerically from Eq. (11), shows that this is the case: κ xy increases linearly with temperature. In contrast, σ xy , given by Eq. (12), depends very weakly on temperature. The highest peak value of κ xy , near y ≈ 1 in Fig. 6 , is k 2 B T /h ≈ 1.2 nAV/K. It is important to note that there may be additional contributions to thermoelectric transport properties due to phonons. However, these contributions are estimated to be negligible [11] for T ∼ 100 K. This tuning of transport by an off-resonant light is pertinent to thermoelectric device applications. We believe that the κ xy and α xy can be measured experimentally in a way similar to that used for bulk ferromagnet [38] .
All our results, obtained within linear-response theory, rely on the assumption that the electronic subsystem is not far from thermal equilibrium when it is exposed to an external off-resonant light. This may not be obvious. However, as argued and explicitly demonstrated in Ref. 20 by the use of an adiabatic theorem for periodicallydriven systems, the transport properties of the nonequilibrium systems are well approximated by those of the system described by an effective static Hamiltonian that incorporates virtual photon absorption processes. Moreover, using the Floquet Fermi golden rule [20] , it has been demonstrated that excitations in the bands of effective Hamiltonians still require a physical energy greater than the gap. It is in principle possible to absorb energies from photons, but because their frequency is assumed much larger than the bandwidth, such an absorption requires excitations of electrons and many phonons and, therefore, is suppressed. Accordingly, at low temperatures the insulating state of the effective Hamiltonian is protected against electron-phonon interactions by the gap. This holds for short laser pulses and was fulfilled in recent experiments [23, 24] . Also, due to its topological nature, the effect we obtain should generally be stable against imperfections of the sample.
Summary. We evaluated analyticaly and numerically the band structure and thermoelectric transport properties of ultrathin TIs under the application of off-resonant light. We showed that by applying a circularly polarized light, the band gap is tuned and results in enhanced thermoelectric transport. Moreover, changing the light polarization from right to left leads to an exchange of the conduction and valence bands of the symmetric and antisymmetric surface states and to a sign reversal of the Nernst and thermal conductivities and of the Berry-curvatureinduced orbital magnetization. The results present new opportunities for state-exchanged excitations under light and tunable thermoelectric transport properties.
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